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A b s t r a c t  - The  accuracy  of l u n a r  r ange  r n c a s u r c -  
rnents was  inc reasecl o r ~ c e  s h o r t - p u l s e ,  Q -  

A t r a n s p o r t a b l e  l a s e r  s y s t e ~ l z  f o r  lunar  swi tched l a s e r s  became avai lable .  Using s u c h  
ranging i s  d e s c r i b e d .  I t  can  be used a t  any a  l a s e r ,  range m e a s u r e m e n t s  to the  m o o n ' s  
a s t r o n o m i c a l  o b s e r v a t o r y  where  a  1 .  5-m s u r f a c e  w e r e  m a d e  to a n  a c c u r a c y  of about 
t e l e scope  i s  ava i l ab le .  Since this  t e l e scope  200 tn (Ref. 2) .  Th i s  e r r o r  i s  not r e l a ted  to 
i s  used f o r  the  r e t u r n e d  s ignal  only, i t s  use  the pulsc  dura t ion ;  it c o r r e s p o n d s  ins tead  to 
f o r  o t h e r  p u r p o s e s  i s  not af fec ted signj.fica.ntly., sui-face va r i a t ions  in the l u n a r  s u r f h c e  i n t e r -  

cepted by  the l a s e r  b'ean;. The b e a m  i s  about 
T h e  t r a n s p o r t a b l e  s y s t e m  u s e s  a high- 10 k m  in d i a m e t e r  when i t  r e a c h e s  the moon.  

ene rgy ,  s ingle- tnode,  n e o d y ~ n i u m - g l a s s  l a s e r  
whose  f requency-doubled wavelength i s  When a  r e t r o r e f l e c t o r  was  placed on the 
530 n m .  B e c a u s e  the  l a s e r ' s  d ive rgence  i s  moon  in 1969, the a c c u r a c y  cor respond ing  to 
v e r y  low, a n  a t m o s p h e r i c a l l y  l imi ted  b e a m -  the pulse  dura t ion  of a  Q-swi tched  l a s e r  was  
width c a n  b e  ach ieved  with opt ics  only 0.  2  rn '. r e a l i z e d .  The e r r o r  in  th is  c a s e  i s  about 1 EL. 
in  d i a m e t e r .  Two organizat ions  i n  the United S t a t e s  have 

m a d e  lunar  range m e a s u r e m e n t s  wi th  Q -  
A n  ini t ia l  phase  of the p r o g r a m ,  con-  swi tched ruby l a s e r s .  The)- a r c  the  Nat icnzi  

c e r n e d  with ranging to n e a r - e a r t h  s a t e l l i t e s ,  Aeronau t i c s  and Space Aclministi-akion, a t  tile 
will be  d e s c r i b e d .  F o r  this  application,  a  -McDonald Observa to ry ,  T e x a s  (Refs .  3, 4) ,  
5 - c m  coude' s y s t e m  i s  used  to point the l a s e r  and the  A i r  F o r c e  Carl ibridge X e s e a r c h  Lab- 
beam.  T h e r e  i s  a l s o  a  s , epa ra te  12-cn l  o r a t o r y ,  a t  the Cata l ina  O b s e r v a t o r y ,  Ar izona  
receiving t e l escope .  : (Ref. 5 ) .  The c h a r a c t e r i s t i c s  of t h e s e  s y s -  

t e m s  a r e  given i n  Tab le  1 .  They  bo th  u s e  l a r g z  
1.  L u n a r  Ranging with R:~by L a s e r s  ----- t e l e scopes  f o r  the t r a n s ~ x i s s i o n  a d  r e c  eptiorl  

of the  i a s e r  Sea:-11. 
T h e  f i r s t  l a s e r  r e t u r n  f r o m  the moon  

(Ref. 1 )  was achieved with a  5 0 - J  ruby  l a s e r .  
In  this  e x p e r i m e n t  a  0 .  5 - n i s  lasctr pulse  was  
t r a n s m i t t e d  o v e r  the 38-1-m.n d i s t ance  
between e a r t h  and moon ,  ref lec ted  f r o m  the 
nloon 's  s u r f a c e ,  r e t u r n e d  to e a r t h ,  and 
detected a f t e r  a  round- t r ip  t r a v c i  t i m e  of 
about 2.  6 s .  Only a  few photoelect rons  w e r e  
genera ted  by the  r e t u r n e d  signal ,  Hence the 
s t r u c t u r e  of the r e t u r n e d  pulse  Lras not 
defined and the  e r r o r  of the i l leasurenlent  

Ts.Lle 1. C h a r a c i e r i s t i c s  o i  rub)  - l a s e r  
s y s t e m s  f o r  lunar  rangitlg 

L a s e r  NASA X F C Z L  - - - 
P u l s e  dura t ion  (ns)  4 1 0  
Wavelength (nin) 694 694 
E n e r g y  (.I j 5  - 1 

10 
R e p e t ~ t i o n  r a t e  jmin j 20 1 2  
Divergence  ( a r c m i n )  

- 
3 3 

Bean1 d lan le te r  (nlmj 2 0  1'5 

c b r r e s p o n d e d  to about haif  the pulse  duration, T r a n s m ~ t t ~ n g  t e l e s c q p ~  
o r  to about 40 k m .  A p e r t u r ~  (rn) 2 . 7  1.5 

Eeamwldrh ( a r c s e c )  2, 4 
Th i s  work  w a s  suppor ted  In p a r t  by c o n t r a c t  Rece iv inc  telescze 
NASW-2914 f r o m  the Nation?! Acrnnail t ics 
and Space Adin in i s t r a t i cn .  A p e r t u r e  (m) 2 - 7  1 . 5  
.b 
-a1 Qirarituin eff~crc,ncy :I[ 

Now a t  Q u e e n ' s  U r i i v e r s ~ t j  , I J ~ ! + ~ ~ C ;  X i~r t i l  .rn photcirrlultr j l l l  e, riii:c j',,j 7 6 
I re land .  



2 .  The Use  of a  E-xh-Rr:dizrrcc, ' ---- - - - A the i nc rease  is  not s ignif icant  when the lbnar  
N e o 9 1 f i ~ i r r ~ -  GLZss L a s e r  -- --- re t rua eilectol- i s  111 5;idddVJ. 

Whet1 ranging to the moon, one wants to 
maximize  the aniount of the  transrriitted 
energy that reaches  the r e t ro re i l ec to r ,  to 
receive a s  much as  posslble  of the re turned  
energy,  and to de tec t  this energy  a s  effi- 
ciently a s  possible .  To  maximize  the amouiit 
of energy  incident on  the r e t ro re f l ec to r ,  one 
mus t  t r a n s m i t  a s  much  energy  a s  possible ,  
but one mus t  a l so  confine this t ransmi t ted  
energy into the na r rowes t  possible  beam.  
As a  prac t ica l  m a t t e r ,  the beamwidth cannot 
be  reduced below a few a rc seconds  because  of 
the effect of turbulence in the e a r t h ' s  a t m o s -  
phere .  As  Table  1  shows,  the d ivergence  of 
a ruby l a s e r  i s  m e a s u r e d  i n  a r cminu te s .  I t  
i s  for  this reason  that  a  t ransmi t t ing  te lescope 
of l a rge  ape r tu re  is  requi red  to co l l imate  the 
beam to a rcseconds .  The receiving te lescope 
should be a s  l a rge  a s  poss ib le  s o  a s  much  of 
the returning s ignal  a s  pcssible  i s  col lected.  
However, the s t r eng th  of the detected s ignal  
depends a l so  on the quantum efficiency of the 
photodetection sys t em.  A n  inc rease  of a  f a c -  
t o r  of 3 in  quantum efficiency i s  equivalent to 
an  i nc rease  of 1 . 7  i n  the  d i a m e t e r  of the 
receiving. te lescope.  I t  c a n  be seen ,  t he re -  
fo re ,  that the ideal  l a s e r  should have a  low 
beam divergence and a  wavelength in the 
region where  the quantum efficiency of photo- 
tubes i s  high. 

A recent  development  'in a  neodymium- 
g l a s s  l a s e r  m e e t s  t he se  two requi rLments  
v e r y  wel l  (Refs.  6 , 7 , 8 ) .  I t s  output b e a m  
divergence i s  only 112 a r c m i n  and i ts  wave-  
length of 530 nm i s  i n  the region where  photo- 
mul t ip l ie r  tubes can  be  m a d e  with efficiencies 
of about 20%. This  l a s e r  i s  shown in F i g u r e  1 
along with a  r a y  d i a g r a m  showing how 60 J of 
I -R  energy i s  obtained a t  1 .06  p m  and con-  
ver ted  to 20 J of v i s ib le  energy  a t  530 nm.  
The beam f r o m  such  a  l a s e r  can  be reduded 
to the a tmospher ic  l im i t  with a  t ransmi t t ing  
te lescope whose a p e r t u r e  i s  only 20 c m  in 
d i a m e t e r .  An ins t rument  f o r  this purpose is  
cu r r en t ly  being fabrica.ted. It will  f i r s t  be 

Table  2 p r e sen t s  the c l ~ a r a c t e r i s t i c s  of 
the g l a s s - l a s e r  s y s t e m  a t  the SAO Agass i z  
Observa tory .  These  c h a r a c t e r i s t i c s  can  be 
compared  to the cor responding  va lues  in 
Table  1 .  The low pulse- repe t i t ion  r a t e  of the 
g l a s s  l a s e r  prevents  t h e r m a l  d i s to r t i on  of the 
g l a s s  rods .  Even  v e r y  s m a l l  d i s to r t i ons  can  
i n c r e a s e  the d ivergence  of the b e a m .  

F i g u r e  1: Photograph and r a y  d i a g r a m  
of the g l a s s  l a s e r .  

Table  2. Cha rac t e r i s t i c s  of a  n e o d y m i u ~ n -  
g l a s s  Lase r  s y s t e m  f o r  l una r  ranging 

L a s e r  SAO -- 
P u l s e  dura t ion  (ns)  20 
Wavelength (nm) 530 
E n e r g y  (J) 20 
Repetit ion r a t e  J- ( m i n - l )  0 . 2  
Divergence" ( a r cmin )  112 
B e a m  d iame te r  ( m m )  2 0 

Transmi t t ing  te lescope -- 
A p e r t u r e  (m)  . 

Beamwidth ( a r c s e c )  

Receiving te lescope 

A p e r t u r e  (m) 1 . 5  
Quantum efficiency (%) 20 

Received signalt  (photon counts1 2 to 8 

used a t  the ~ ~ a s s i z  Obse rva to ry  in  .& ?. 

Between the half-energy points of the beam.  Massachuse t t s .  Then i t  c a n  be moved to anv A 

observa tory  where  a  l a rge  ins t rument  i s  
available for  receiving the re turned  s ignal .  
This  ins t rument  can  be used with v e r y  l i t t le 
modification. The r ea son  i s  that the r ecep -  
tion of a  l a s e r  signal' puts f a r  l e s s  s t r ingent  
requi rements  on a l a rge  te lescope than does 
the t r ansmis s ion  of the s ignal .  The received 
s i g ~ a l  is v e r y  weak; i t  cannot possibly damage  
the optics.  And the field c a n  be opened up to 
reduce the requi red  t racking accu racy  with- 
out reducing the s t r eng th  of the received 
s ignal .  The background noise  will be 
increased  a s  the field is made  l a r g e r ,  but 

'Sca led  f r o m  the r e t u r n  s igna ls  of the ruby 
l a s e r  s y s t e m s .  

3 .  An Initial  Expe r imen t  

A t empora ry  opt ical  s y s t e m  was  built  to 
t e s t  the operat ion of the h igh- rad iance  l a s e r  
under  obse rva to ry  conditions. Th i s  s y s t e m  i s  
shown in  F i g u r e  2 .  It  was designed fo r  the 
t racking of n e a r - e a r t h  sa te l l i t es  (i .  e . ,  up to 
ranges  of about 4 Mrn). In opera t ion  the t r a n s  - 
m i t t e r  2nd r ece ive r  a r e  each  pointed to the 
predicted direct ion of the sa te l l i t e .  The l a s e r  



i s  then pulsed a t  the  app rop r i a t e  e p i ~ c h .  In 
th is  c a s e ,  the t ranseni t t ing te lescope  
i n c r e a s e s  -. - the  d ive rgence  of the i a s e r  bear*: 
suf f ic ien t ly  to compensa t e  f o r  e r r o r s  in the 
p red ic ted  s a t e l l i t e  pos i t ions .  When b e t t e r  
predict ions  becorne ava i lab le ,  m i r r o r s  o r  
p r i s n ~ s  will  s t i l l  be r equ i r ed  to point the 
b e a m  in the p r o p e r  d i r ec t i on ,  but the  t e l e -  
scope  i t se l f  ma.y no longer  be  n e c e s s a r y .  

F i g u r e  3. T h e  t e m p o r a r y  op t ica l  s y s t e m  in  
opera t ion  (showing the  t r a n s m i t t e d '  
l a s e r  bea-m). 
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